We have used retrograde transport of wheat germ agglutinin conjugated to horseradish peroxidase to examine the origin of thalamic input to the two premotor areas with the densest projections to the motor cortex: the arcuate premotor area (APA) and the supplementary motor area (SMA). Retrograde transport demonstrated that the two premotor areas and the motor cortex each receive thalamic input from separate, cytoarchitectonically well defined subdivisions of the ventrolateral thalamus. According to the nomenclature of Olszewski (Olszewski, J. (1952) The Thalumus of the Macaca mulatta.
The motor cortex has long been known to receive projections from regions in the frontal lobe which historically have been termed "premotor areas" (see Brinkman and Porter, 1979; Wiesendanger, 1981; Weinrich and Wise, 1982 , for recent reviews). These premotor areas are thought to contribute to the programming of skilled movement and the sequencing of motor tasks. Despite the existence of concepts concerning premotor areas there is little information on their actual functions and anatomical connections.
Recent experiments by Muakkassa and Strick (1979) demonstrated that there are four spatially separate and somatotopically organized premotor areas which project directly to the motor cortex (see also Pandya and Kuypers, 1969; Jones and Powell, 1970; Pandya and Vignolo, 1971; Matsumura and Kubota, 1979) . The densest pro- jections originate from two of the premotor areas. One of these is the arcuate premotor area (APA), located in and around the caudal bank of the arcuate sulcus; the other is the supplementary motor area (SMA), located on the medial wall of the hemisphere (e.g., Woolsey et al., 1952) . A third premotor area was located in the ventral bank of the cingulate sulcus and a fourth in the cortex surrounding the inferior and superior precentral sulci. Based on the available anatomical and physiological evidence, a reasonable hypothesis is that these premotor areas represent elements in multiple parallel pathways which differentially control motor cortex output and motor behavior. We sought to understand how two major subcortical motor systems, the cerebellum and the basal ganglia, might differentially influence the premotor areas and motor cortex. Recent studies have shown that cerebellar, pallidal, and nigral efferents project to the ventrolateral thalamus and that there is little overlap in the sites of termination of these systems (e.g., Mehler, 1971; Kuo and Carpenter, 1973; Carpenter et al., 1976; Kim et al., 1976; Percheron, 1977; Stanton, 1980; Kalil, 1981; Devito and Anderson, 1982; Asanuma et al., 1983b) . These studies have also indicated that, whereas cerebellar efferents terminate in thalamic regions which project to motor cortex, efferents from the basal ganglia do not. However, the lack of precise information regarding the cortical projections of subdivisions of the ventrolateral thalamus has hampered attempts to link subcortical structures with particular cortical areas.
We have used retrograde transport of wheat germ agglutinin conjugated to horseradish peroxidase (WGA-HRP) to examine the origin of thalamic input to the two premotor areas with the densest projections to the motor cortex: the APA and the SMA. Retrograde transport demonstrated that the two premotor areas and the motor cortex each receive thalamic input from separate, cytoarchitectonically well defined subdivisions of the ventrolateral thalamus. According to the nomenclature of Olszewski (1952) , input to the APA originates largely from area X, input to the SMA originates largely from the pars oralis subdivision of nucleus ventralis lateralis (VLo), and that to the motor cortex originates largely from the pars oralis subdivision of nucleus ventralis posterior lateralis (VPLo). These observations, when combined with prior studies on the termination of various subcortical efferents in the thalamus, lead to the following scheme of connections:
(1) rostra1 portions of the deep cerebellar nuclei project to the motor cortex via VPLo; (2) caudal portions of the deep cerebellar nuclei project to the APA via area X; and (3) the globus pallidus projects to the SMA via VLo. Thus, each thalamocortical pathway is associated with a distinct subcortical input.
Materials and Methods
This study is based on observations from seven monkeys (Macaca mulatta). Retrograde transport of WGA-HRP (Sigma) was used to "label" the origin of thalamic input to the SMA, the APA, and parts of the motor cortex.
Each animal was anesthetized with ketamine hydrochloride and sodium pentobarbitol and mounted in a Kopf stereotaxic head holder. Under aseptic conditions a craniotomy was performed over the appropriate cortical area and the dura was opened. In five animals, we attempted to determine the full extent of the thalamic regions which project to the SMA, APA, and parts of the motor cortex (i.e., those regions adjacent to the central sulcus). To accomplish this, multiple injections of 2% WGA-HRP (0.025 to 0.05 ~1) were placed unilaterally throughout one of the three cortical areas in separate animals. In another two monkeys, we attempted to determine the thalamic regions which projected to the "arm areas" of the SMA and APA by making more localized iniections.
Various surface landmarks were used to guide the placement of all injection sites. The use of these landmarks was based on previous anatomical (Muakkassa and Strick, 1979; Matsumura and Kubota, 1979) and physiological (Woolsey et al., 1952; Brinkman and Porter, 1979b; Tanji and Kurata, 1982; Weinrich and Wise, 1982) studies. All injections were spaced 1 mm apart, except to avoid blood vessels, and were delivered through a l-p1 Hamilton syringe with a 32 gauge needle. The injections into the APA and the motor cortex were made perpendicular to the cortical surface at a depth of 1 to 1.5 mm below the cortical surface and 1 mm from the relevant sulci. The SMA injections were placed between 2 and 4.5 mm below the surface and 1 mm from the medial edge of the hemisphere.
In all cases, the needle was left in place for 3 min following the injections. During this procedure the cortex was kept moist with warm saline. At the end of the injection procedure, a Silastic sheet was placed over the remaining dura and glued in place. The wound was then closed and the animal was returned to a cage.
After a survival period of 3 days, each animal was reanesthetized and perfused transcardially using methods similar to those described by Rosene and Mesulam (1978) . The perfusates included: (1) 0.1 M phosphate buffer, pH 7.4; (2) 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer; (3) a solution of the same aldehyde/buffer mixture with 10% glycerin added; and (4) a cold 0.1 M phosphate buffer containing 10% glycerine. Following perfusion each brain was removed and placed in phosphate buffer containing 10% glycerine for 24 hr. A tissue block containing the cortical injection site and thalamus was sectioned serially in the frontal plane at 50 pm on a freezing microtome. All sections were processed by the tetramethylbenzidine method according to Mesulam (1978) and Mesulam et al. (1980) with only minor modifications.
Selected sections were counterstained with neutral red. The material was studied microscopically with brightand darkfield illumination.
Surface maps of the injection sites were reconstructed from enlarged drawings (X 10) of individual sections. Injection sites were considered to include the densely stained regions adjacent to each needle track, but not the lightly stained "halo" surrounding these regions. Labeled neurons in thalamic sections were examined at x 100 or x 400. The location of each labeled neuron was charted using an X-Y plotter system fed from linear potentiometers coupled to the two axes of movement in the microscope stage. At least every fourth thalamic section was plotted in this manner. After sections at selected levels had been plotted they were photographed (X 10 to X 25 magnification). These sections were then counterstained with thionin and rephotographed.
The cytoarchitecture of labeled areas was examined and thalamic borders were drawn using these counterstained sections and the microscope-coupled plotting system. Serial sections of the thalamus from two normal rhesus monkeys (embedded in celloidin, cut at 50 pm in the frontal plane and stained with thionin) were available for the study of thalamic cytoarchitecture. The terminology and subdivisions used to describe the ventrolateral thalamus are numerous and rather confusing (see Percheron, 1977 , for a complete review). In order to facilitate the comparison of our results with those of other recent studies, we have employed the atlas and nomenclature of Olszewski (1952) . In this section we will briefly describe the major features of the nuclei in the ventrolateral thalamus which were most heavily labeled following WGA-HRP injections into the SMA and APA. This analysis is based on the study of sections from two normal animals and counterstained sections from the experimental animals. Although differences exist, our descriptions of this region are similar to those presented in several recent studies (e.g., Kusama et al., 1971; Percheron, 1977; Jones et al., 1979; Kalil, 1981; Asanuma et al., 1983a) .
The relevant subdivisions of the ventrolateral thalamus are illustrated in Figures 1 to 4 . The most distinctive subdivision of the nucleus ventralis lateralis is the pars oralis (VLo). VLo is characterized by dense clusters of medium-to large-sized neurons. The large neurons within the clusters stain darkly for Nissl substance and ,have round or oval cell bodies. Between the clusters are regions of lower cell density, composed of fewer large neurons and smaller, less darkly stained neurons. Thus, the cytoarchitecture within VLo is not homogeneous.
Lateral to VLo is a strip of more loosely packed neurons which lacks dense cell clusters. This region has large, darkly staining neurons and is considered a rostra1 extension of the nucleus ventralis posterior lateralis, pars oralis (VPLo) (Fig. 2) . The definition of this border is supported by our own connectional studies presented in the next section and those of others (e.g., Nauta and Mehler, 1966; Kusama et al., 1971; Kim et al., 1976; Percheron, 1977; Jones et al., 1979; Stanton, 1980; Kalil, 1981; DeVito and Anderson, 1982; Asanuma et al., 1983 a, b, c; see also "Discussion") .
At caudal levels ( Fig. 3) , VPLo begins to expand medially and splits VLo into dorsal and ventral groups of cell clusters. Further caudally (Fig. 4) , both the dorsal and ventral groups of VLo clusters are absent. The dorsal clusters are gradually replaced by smaller, less darkly staining neurons (Fig. 4 , region labeled by question mark). Although this dorsal area lacks clusters of large neurons, it resembles the rostra1 cellular regions which are arranged between the VLo clusters and shares many of the connectional properties of VLo (see below).
The ventral border of VLo is formed by the pars medialis subdivision of the nucleus ventralis lateralis (VLm) (Figs. 1 to 3 ). There is a gradual change in cytoarchitectonic characteristics between these two subdivisions. However, the neurons in VLm are more spindle shaped than are VLo neurons and have their long axes oriented approximately parallel to the internal medullary lamina. Dorsally, neurons in VLm are densely packed and darkly staining like neighboring VLo neurons. These characteristics are less prominent in ventromedial parts of VLm.
The medial border of VLo is formed by the region termed "area X" by Olszewski (1952) . Area X is characterized by small, irregularly shaped neurons, which are lightly stained and loosely packed (Figs. 1 to 4) . In general, the cells in more medial regions of area X, along the internal medullary lamina, are smaller and more lightly stained than those in more lateral regions. At caudal levels where VLo clusters are no longer present, area X lies just medial to VPLo (Fig. 4) . It can be distinguished from both VLo and VPLo because it lacks large, darkly stained neurons. At rostra1 levels, area X is replaced by Olszewski's two subdivisions of the nucleus ventralis anterior: pars magnocellularis (VAmc) and pars parvocellularis (VApc) (Fig. 1) . The neurons in VAmc are larger and more darkly stained than those in area X, whereas those in VApc are more clumped.
The dorsal border of VLo is formed caudally by the pars caudalis subdivision of the nucleus ventralis lateralis (VLc) (Figs. 2 to 4). VLc neurons are smaller and more lightly stained than neurons in both VLo and VPLo. In other respects, lateral VLc shares many of the cytoarchitectonic characteristics of adjacent regions of VPLo, whereas medial VLc has much in common with adjacent regions of area X.
Later in the results we will describe the topographic distribution of thalamic neurons labeled by retrograde transport. These results support the cytoarchitectonic distinctions we make by demonstrating that distinct subdivisions of the ventrolateral thalamus contain labeled neurons following WGA-HRP injections into different cortical areas.
Cortical projections from the ventrolateral thalamus
We will present the plots from three animals with the most extensive cortical injections of WGA-HRP in order to give the most complete representation of thalamic inputs to the SMA, APA, and motor cortex. Figure 5B illustrates the cortical injection sites (small dots) and the spread of WGA-HRP (dashed lines enclosing the injection sites) for the three animals. The plots of labeled neurons found on single thalamic sections from the three animals are illustrated in Figures 7 to 9. The sections in each of these figures are taken from comparable levels of the thalamus. The cytoarchitectonic borders were drawn based on thionin counterstaining of each section. Photomicrographs of thalamic labeling resulting from cortical injections of WGA-HRP are shown in Figures 6 and 10 to 13.
In all animals, the cortical injections resulted in a Olszewski (1952) . The unlabeled region lateral to VLo is a rostra1 extension of VPLo. See the text for further description and Footnotes 3 and 4 for abbreviations in this and the following figures.
"slab-like" region of thalamic labeling. The "slabs" of more dorsally at caudal levels. The thalamic "slabs" thalamic labeling extended for more than 6 mm rostrowhich were labeled following the injections into the SMA caudally and up to 3 mm dorsoventrally. Each tended to and APA were relatively thin and measured more than 2 be located more ventrally at rostra1 thalamic levels and mm in width only at their greatest extent.
The Journal of Neuroscience Thalamic Inputs to Premotor Areas 543 Labeled neurons were not homogeneously distributed gions which either lacked or contained very few labeled throughout the thalamic slab which projected to a cortineurons (Fig. 6A ). The size of the labeled patches and cal area. Each slab of thalamic labeling was composed of the gaps between them varied at different rostrocaudal small patches of labeled neurons intermingled with re-levels. The patches were smallest and the gaps between r --Z,I. . . I Figure 2 . Photomicrograph of a thalamic section at the approximate level of A9.1. Note that VLo separates area X and VPLo. them were largest at the rostra1 and caudal extremes of for up to 2.5 mm in the anterior-posterior axis. They each labeled zone. Serial reconstruction of labeled coalesce to form larger accumulations of labeled neurons patches in two animals demonstrated that they have an and then separate again into individual rods. irregular "rod-like" shape. Individual "rods" can extend
In addition to labeling neuron cell bodies by retrograde
The Journal of Neuroscience Thalamic Inputs to Premotor Areas 545 transport, the cortical injections of WGA-HRP also re-6B), caudate, putamen, pontine nuclei, and regions sursulted in dense patches of punctate labeling in the ven-rounding the red nucleus). Since these regions do not trolateral thalamus (Fig. 6 ). Punctate labeling was also project directly to the cortex and lacked cell bodies seen at many of the known sites of termination of various labeled by retrograde transport, it is likely that much of cortical efferents (e.g., thalamic reticular nucleus ( resents anterograde axonal transport of WGA-HRP (see Mesulam, 1982 , for a more complete discussion). In the ventrolateral thalamus, there was a close correspondence between the size, shape, and distribution of the patches of labeled cell bodies and the patches of punctate labeling (Fig. 6A) . Furthermore, punctate labeling was sparse in the cellular regions between the patches of labeled cell bodies. This suggests that the patches of cell bodies in the ventrolateral thalamus which are the origin of thalamic projections to a cortical area are also the recipients of a focused corticothalamic input.
Injections of WGA-HRP into the two premotor areas and the motor cortex also led to anterograde and retrograde labeling in various cortical areas. For example, APA injections resulted in labeling in the SMA and motor cortex; SMA injections resulted in labeling in the APA and motor cortex; and motor cortex injections resulted in labeling in the APA and SMA. Thus, the APA, SMA, and motor cortex are reciprocally interconnected. A full description of these and other intracortical connections which were observed will be presented in a subsequent publication.
Origin of thalamic input to the supplementary motor area (SMA) In order to label the origin of thalamic input to the SMA, injection sites were placed along the medial wall of the hemisphere at the points shown in Figure 5B . The spread of WGA-HRP included the dorsal bank of the cingulate sulcus only caudally. At this point, reaction product was more than 8 mm from the level of the central sulcus. According to various maps of motor representation in the SMA (e.g., Woolsey et al., 1952; Brinkman and Porter, 1979b; Matsumura and Kubota, 1979; Muakkassa and Strick, 1979; Wise and Tanji, 1981; Tanji and Kurata, 1982) , the spread of WGA-HRP included most of the "forelimb representation" and extended to parts of the "face representation" rostrally and the "hindlimb representation" caudally.
Plots of representative thalamic sections from an animal with injections into the SMA (sites illustrated in Fig. 5B ) are shown in Figure 7 . Photomicrographs of thalamic sections from another animal with injections into the SMA are presented in Figure 10 . These figures illustrate that injections into the SMA resulted in a slab of labeled neurons which was principally located in VLo. Thalamic labeling was most extensive between Olszewski's levels A105 and A8.5 where VLo is most extensive. In many instances, changes in the location of labeled neurons paralleled cytoarchitectonic changes in VLo. For example, as VLo split into dorsal and ventral cell groups, labeled neurons also split into dorsal and ventral groups (Fig. 7, section 347) . Patches of labeled neurons were found in both the cluster and non-cluster regions of VLo.
The slab of labeled neurons extended into the most dorsal aspects of adjacent VLm and the dorsal, parvocellular region just caudal to VLo (Figs. 7, section 372, and  1OD ). Thalamic labeling extended as far caudally as A3.0 where a cluster of labeled neurons was found in the ventral portion of the nuclear subdivision termed pars postrema (VLps) by Olszewski (1952) . This labeling was located just dorsal to nucleus lateralis posterior.
Origin of thalamic input to the arcuate premotor area (APA) In order to label the origin of input to the APA, injection sites were placed 1 mm posterior to the caudal bank of the arcuate sulcus at the points shown in Figure  5B . WGA-HRP spread no more than 2 mm from any of the injection sites. Thus, some reaction product was found in the caudal bank of the arcuate sulcus, but none was seen in the rostra1 bank, According to various maps of motor representation in the APA (e.g., Kubota and Hamada, 1978; Matsumura and Kubota, 1979; Muakkassa and Strick, 1979; Weinrich and Wise, 1982) , the spread of WGA-HRP included most of the "forelimb representation" located around the spur of the arcuate sulcus, some of the "face representation" near the inferior limb of the sulcus, and some of the "hindlimb representation" near the superior limb of the sulcus.
Plots of representative thalamic sections from the animal with the injections into the APA (sites illustrated in Fig. 5B ) are shown in Figure 8 . Photomicrographs of thalamic sections from this animal are presented in Figures 11 and 13B . Injections of WGA-HRP into the APA resulted in a slab of labeled neurons which was located principally in area X. The slab of labeled neurons was most extensive between Olszewski's levels A9.5 and A7.5. The labeling in area X was just medial to the thalamic labeling which was seen after injections into the SMA. Only the medial aspect of area X, adjacent to the internal medullary lamina, lacked substantial numbers of labeled neurons. Thalamic labeling following the APA injections extended dorsally into contiguous areas of medial VLc and rostrally into the dorsomedial aspect of rostra1 VLm. Labeled neurons were found as far caudally as A3.0 where a small cluster of labeled neurons was seen in VLps. These labeled neurons were located just dorsal to the labeling seen after SMA injections.
In one animal, injection sites were placed around the spur of the arcuate sulcus in the "arm area" of the APA (e.g., Kubota and Hamada, 1978; Matsumura and Ku- 1979; Muakkasa and Strick, 1979; Weinrich and Wise, 1982) . The spread of reaction product in this animal was more confined than that observed in the animal illustrated in Figure 5B . The more localized injections resulted in thalamic labeling which was less extensive than that illustrated in Figures 8, 11 , and 13B. As in the animal illustrated, labeled neurons were largely confined to area X. However, the slab of labeling was thinner and contained fewer patches of labeled neurons. In addition, labeled patches were laterally located in area X and did not extend as far dorsally or ventrally. Less of VLc and VLm was labeled in this animal than was labeled in the animal with the more extensive injections.
Origin of input to the motor cortex from rostra1 regions of the uentrolateral thalamus
We next sought to determine whether there is any overlap between the regions of the ventrolateral thalamus which project to the SMA and APA and the region which projects to the motor cortex. Because the preceding analysis had shown that the two premotor areas received their input from rostra1 parts of the ventrolateral thalamus, we concentrated our analysis on this area. In order to label the origin of thalamic input to the motor cortex, injection sites were placed 1 mm rostra1 to the central sulcus at the points shown in Figure 5B . WGA-HRP spread 2 to 3 mm from the injection sites. The rostra1 bank of the central sulcus (upper one-third) contained reaction product throughout its mediolateral extent. Reaction product spread into somatic sensory cortex in two regions: medially, where the "hindlimb representation" is located, and laterally, where the "face representation" is located. According to various maps of body representation in the motor cortex (e.g., Woolsey et al., 1952; Kwan et al., 1978) , the spread of WGA-HRP involved largely the representation of distal limb parts and those parts of the "face" and "proximal body representations" which are adjacent to the central sulcus.
Plots of representative thalamic sections from the animal with injections into the motor cortex are shown in Figure 9 . Photomicrographs of thalamic sections from this animal are presented in Figure 12 . Injections of WGA-HRP into the motor cortex resulted in labeling which was largely confined to VPLo, particularly at rostra1 thalamic levels. The slab of labeled neurons filled VPLo and extended up to its borders with area X and VLo. No labeled neurons were found in area X or VLo following injections into the motor cortex. Olszewski (1952) . Whether the labeling in VP1 was the result of transport from the motor cortex or was due to spread of reaction product to adjacent somatic sensory cortex (see above) could not be determined from our studies.
Additional thalamocortical projections
Most of the thalamic labeling following cortical injections into the SMA and APA was located in various subdivisions of the ventrolateral thalamus. However, additional labeling, indicative of anterograde and retrograde transport, was seen in isolated parts of the nucleus medialis dorsalis (MD) (Figs. 7, section 347; 1OD; and 13B) and three intralminar nuclei: centralis lateralis (CL) (Figs. 9, section 400; 1OD; and 13B), paracentralis (Pen) (Fig. 8) , and centrum medianum (Cn Md) (Figs. 11B and 13B). Some of the labeling in MD and adjacent CL was both particularly dense and topographically organized. Since these thalamic regions were not the focus of this study, we will describe only the most obvious patterns of labeling.
The typical patterns of labeling seen in MD and CL following SMA and APA injections are shown in Figures  1OD and 13B . Note that labeling in the caudal portions of the ventrolateral thalamus is also present on these sections. Figure 13A is a Nissl-stained section at a thalamic level comparable to that shown in Figures 1OD and  13B ( i.e., A5.7, according to Olszewski, 1952) . Following SMA and APA injections, labeling in MD and CL was observed at approximately the same thalamic level. The APA injections resulted in labeling which was slightly more dorsal in MD than that observed following SMA injections. The labeling in CL following the APA injections was more rostra1 and medial than that observed following the SMA injections. Injections into motor cortex resulted in labeling of more caudally located regions in CL and the most ventrolateral portion of caudal MD which overlies Cn MD (not illustrated). Thus, our evidence suggests that projections from MD and CL to motor and premotor areas originate from separate regions of these nuclei.
Discussion
We have employed retrograde transport of WGA-HRP to determine the origin of thalamic input to two of the premotor areas in the frontal lobe: the SMA and the APA. For the purpose of comparison, the origin of thalamic input to motor cortex regions adjacent to the central sulcus also was examined. We were particularly concerned with confining the spread of WGA-HRP to a single functional area. Our injections into the SMA and APA were focused on those regions which project to the motor cortex (e.g., Pandya and Kuypers, 1969; Jones and Powell, 1970; Pandya and Vignolo, 1971; Matsumura and Kubota, 1979; Muakkassa and Strick, 1979) and which possess neurons active during movement (e.g., Kubota and Hamada, 1978; Brinkman and Porter, 1979a, b; Smith 1979; Tanji et al., 1980; Wise and Tanji, 1981; Weinrich and Wise, 1982) . Thus, while we have not attempted to examine the full extent of the thalamic The Journal of Neuroscience Thalamic Inputs to Premotor Areas Figure 10 . Photomicrographs of thalamic labeling resulting from injections into the SMA. The injection sites for this animal were comparable to the SMA sites illustrated in Figure 5B . The sections illustrated in Figures 10 to 13B were photographed uncounterstained. The coverslips were then removed and each section was counterstained with thionin. The borders of the thalamic subdivisions were then added to the photographs. The scale for each section is shown in C. Figure 11 . Photomicrographs of thalamic labeling resulting from injections into the APA. The injection sites for this animal are illustrated in Figure 5B . The scale for each section is shown in A.
input to each premotor area, our goal was to identify a rons in the ventrolateral thalamus. Injections into the major component of this input.
APA resulted in thalamic labeling which was most dense
Injections of WGA-HRP into each cortical area rein area X. In contrast, injections into the SMA resulted sulted in dense, slab-like accumulations of labeled neuin thalamic labeling which was most dense in VLo. As in Figure 12 .
Photomicrographs of thalamic labeling resulting from injections into the motor cortex. The injection sites for this animal are illustrated in Figure 5B .
The scale for each section is shown in B.
&hell and Strick Vol. 4, No. 2, Feb. 1984 Figure 13. Photomicrographs of thalamic labeling and normal cytoarchitecture at comparable thalamic levels. A, Photomicrograph of a thalamic section at the approximate level of A5.7. Note the presence of area X and the parvocellular zone (indicated by the question mark) at this caudal thalamic level. B, Photomicrograph of thalamic labeling resulting from injections into the APA. The injection sites for this animal are illustrated in Figure 5B . Note that Cl, MD, and Cn Md also are labeled in addition to area X. (Strick, 1975 (Strick, ,1976 Kievit and Kuypers, 1977; Jones et al., 1979) , VPLo was most densely labeled following injections into the motor cortex. Thus, the two premotor areas and the motor cortex each received thalamic input from separate, cytoarchitectonically distinct subdivisions of the ventrolateral thalamus. In general, these conclusions are supported by the results of prior studies (e.g., SMA: DeVito and Smith, 1959; Wiesendanger et al., 1973; Kievit and Kuypers, 1977; Kalil, 1978; Kunzle, 1978; Brinkman and Porter, 1979b; Bowker et al., 1979; APA: Roberts and Akert, 1963; Akert, 1964; Kievit and Kuypers, 1977; Kunzle, 1978) .
Pallidal-Nigral Input
Injections into the SMA and APA also led to topographically organized labeling in MD. SMA injections labeled ventral and lateral regions of MD, whereas regions of MD just dorsal to this were labeled following APA injections. At this time, it is not possible to determine the functional significance of the labeling in MD. It may represent either a spatially displaced continuation of the labeling in the ventrolateral thalamus (Kievit and Kuypers, 1977) or a functionally separate system of projections from the thalamus to each of the t.wo premotor areas. Additional projections to the premotor areas also originated from well defined regions of the intralaminar nuclei.
Afferent input to the ventrolateral thalamus
As noted in the introduction, considerable information has recently become available regarding the differential patterns of cerebellar and pallidonigral termination in subdivisions of the ventrolateral thalamus. The significance of these patterns of thalamic termination has not been completely understood because the precise cortical projection of each thalamic subdivision was previously unknown. The present study identifies some of the cortical projections of these thalamic subdivisions. In the remainder of this discussion we will review some of the recent primate studies on the sites of pallidonigral and cerebellar termination in subdivisions of the ventrolateral thalamus and suggest how various thalamic subdivisions link subcortical motor nuclei with motor and premotor cortical areas.
Basal ganglia projections to the ventrolateral thalamus
The globus pallidus and the substantia nigra are the major output nuclei of the basal ganglia (for a complete review, see DeLong and Georgopoulos, 1981) . The results of some recent studies on the sites of termination of efferents from the internal segment of the globus pallidus (GPi) upon the ventrolateral thalamus are illustrated in Figure 14 , A to D. Although there are some minor differences between studies, all emphasized that efferents from GPi project upon three subdivisions of the ventrolateral thalamus: VLo, parts of the VApc, and VLm (Nauta and Mehler, 1966; Kuo and Carpenter, 1973; Kim et al., 1976; DeVito and Anderson, 1982) .
The sites of termination of the substantia nigra in subdivisions of the ventrolateral thalamus have been examined extensively by Carpenter and his colleagues (Carpenter and McMasters, 1964; Carpenter and Strominger, 1967; Carpenter and Peter, 1972; Carpenter et al., 1976 Carpenter et al., , 1981 . The results of these studies are summarized Kuo & Carpenter, 1973 Kim, et. al., 1976 DeVito & Anderson, 1982 Carpenter, et. al., 1976 Figure 14. Pattern of pallidonigral termination in ventrolateral thalamus. A to D represent the sites of termination for pallidal efferents in the ventrolateral thalamus taken from the studies of Kuo and Carpenter (1973) , Kim et al. (1976) , DeVito and Anderson (1982) , and Nauta and Mehler (1966) . E and F represent the sites of termination for nigral efferents in the ventrolateral thalamus taken from the work of Carpenter et al. (1976) . The levels of the sections chosen for illustration correspond to the levels of the normal and experimental material illustrated in Figures 1 to 4 , 7, and 10.
in Figure 14 , E and F. Nigrothalamic projections originate from the pars reticulata segment of the substantia nigra (SNpr) and terminate in two subdivisions of the ventrolateral thalamus: VAmc and VLm. Additional projections also terminate in paralaminar MD. A comparison of Figure 14 , A to D with Figure 14 , E and F indicates the lack of overlap between nigral and pallidal sites of termination in the thalamus.
These patterns of pallidothalamic and nigrothalamic projections have led to the generally accepted conclusion that the pallidonigral system most directly influences areas 4 and 6, and even prefrontal cortical areas (Brodal, 1981; DeLong and Georgopoulos, 1981) . However, our results suggests a different scheme of organization. First, a comparison of the results of the present study (Figs. 7 and 10, A to C) with the sites of pallidothalamic termination (Fig. 14, A to D) indicates that part of the pallidal output is focused on subdivisions of the ventrolateral thalamus which project to the SMA (i.e., VLo and VLm). Second, a comparison of our results (Figs. 7, sections 328 and 347, and 10B) with Carpenter's studies (Fig. 14, E and F) indicates that part of the nigral output also is focused on thalamic regions which project to the SMA (i.e., VLm and MD). Third, neither pallidal nor nigral efferents appear to terminate in thalamic regions which project to the APA or the motor cortex.
Recent studies suggest that SNpr and GPi should be considered a functional unit (DeLong and Georgopoulos, 1979) . This concept is based on physiological observations in awake primates which demonstrate: (I ) similar discharge rates and firing patterns of neurons in GPi and SNpr, and (2) a somatotopic organization of GPi which continues into SNpr. Neurons related to orofacial movements were located on both sides of the internal capsule in the lateral portion of SNpr and the ventrocaudal segment of GPi. The two nuclei also show similarities in their anatomical organization (for discussion and references see Brodal, 1981; DeLong and Georgopoulos, 1981; DeLong et al., 1983) . The present study further supports this concept by demonstrating that the thalamic regions which receive efferents from SNpr and GPi project to a common cortical target.
As noted above, the sites of termination of pallidal and nigral efferents do not overlap in the thalamus. We would like to suggest that the lack of overlap may indicate that the somatotopic organization of the pallidonigral system is maintained in its thalamic projections. If this is the case, then the "face" representation in SNpr may project to a "face" representation in VLm which in turn may project to the "face" representation in the SMA. Likewise, "arm and leg" representations in GPi may project to "arm and leg" representations in VLo which in turn may project to "arm and leg" representations in the SMA. These suggestions must be explored by further experiments which examine the somatotopic organization of both pallidonigral inputs to the thalamus and thalamocortical inputs to the SMA.
Not ail of the outputs from the pallidonigral system are focused on the SMA. The cortical projections of VApc, which receives pallidal input, and VAmc, which receives nigral input, have not been well defined but appear to project to cortical regions rostra1 to the premotor areas (Carmel, 1970; Kievit and Kuypers, 1977; Kunzle, 1978) . Furthermore, the existence of eye movement-related neurons in SNpr suggests that there may be additional nigral efferents to thalamic regions which are concerned with ,oculomotor control (Hikosaka and Wurtz, 1983) . However, our results indicate that, of the cortical areas concerned with limb movement, the pallidonigral system is most directly connected to the SMA.
Cerebellar projections to the ventrolateral thalamus
Cerebellothalamic projections originate from all three deep cerebellar nuclei: dentate, interpositus, and fastigial (see Brooks and Thach, 1981; Asanuma et al., 1983b, c, for recent reviews). The results of some recent primate studies on the sites of termination of cerebellothalamic efferents are illustrated in Figure 15 . Although studies differ in the nomenclature and borders applied to each nucleus, and in the techniques employed, they show remarkable agreement concerning the regions of ventrolateral thalamus which receive cerebellar input. The deep nuclei terminate in four subdivisions of the ventrolateral thalamus: VPLo, area X, VLc, and VLps (Kusama et al., 1971; Mehler, 1971; Kievit and Kuypers, 1972; Batton et al., 1977; Chan-Palay, 1977; Percheron, 1977; Stanton, 1980; Kalil, 1981; Asanuma et al, 1983b, c) . Although some studies report cerebellar terminations in VLo, this conclusion probably depends on differences in the delineation of nuclear borders and has not been supported by recent experiments (see Asanuma et al., 1983a, b, c , for a complete discussion on this issue). The lack of cerebellar terminations in VLo and VLm is particularly evident in degeneration studies where large portions of the deep nuclei were removed or the brachium conjunctivum was sectioned (see Fig. 15, A and B; Kievit and Kuypers, 1972; Percheron, 1977;  but also see Stanton, 1980) . A comparison of Figures 14 and 15 indicates the lack of overlap between cerebellar and pallidonigral sites of termination in the ventrolateral thalamus.
Thalamic projections from the deep nuclei appear to be topographically organized. Projections from caudal regions of each deep cerebellar nucleus terminate medially in the ventrolateral thalamus in area X. In contrast, projections from rostra1 regions of each nucleus terminate more laterally in the ventrolateral thalamus in VPLo (for illustration, see Fig. 15, C to F; Stanton, 1980; Kalil, 1981; Asanuma et al., 198313, c) . Asanuma et al. (1983a, b) have suggested that the thalamic regions which receive cerebellar inputs (i.e., VPLo, VLc, area X, and VLps) should be considered a common nucleus. They termed this nucleus the "cellsparse zone," inferred that it projected to the motor cortex, and concluded that "the cerebellum appears to influence only the primary motor area" (Asanuma et al., 198313, p. 261) . Furthermore, they inferred that efferents from caudal regions of the deep nuclei to area X influenced the face representation of the motor cortex and that efferents from rostra1 regions of the deep nuclei to VPLo influenced arm and leg representations in the motor cortex (see Asanuma et al., 1983c, Fig. 21 ). Thus, the topographic organization of the cerebellothalamic pathway was thought to reflect a somatotopic organization of the deep nuclei. This inference is supported by a physiological study which reported the following description of somatotopic organization in the deep nuclei: "a tendency for the best related 'leg neurons' to be most anterior, 'face neurons' to be posterior, and 'arm neurons' in between" (see Brooks and Thach, 1981, p. 920, for description) .
We propose an alternative interpretation of cerebellothalamic topography. A comparison of our results (Figs. Percheron, 1977 Stanton, 1980 Kalil, 1981 Figure 15 . Pattern of cerebellothalamic termination in the ventrolateral thalamus. A and B are taken from the work of Percheron (1977) . They represent the combined sites of termination for efferents from all three deep cerebellar nuclei at two levels in the ventrolateral thalamus. C and D are taken from the work of Stanton (1980) . They represent the sites of termination of efferents from ventrocaudal portions of the dentate nucleus. E and F are taken from the work of Kalil (1981) . They represent the sites of termination of efferents from rostra1 portions of the dentate nucleus. The levels of the sections chosen for illustration correspond to the levels of the normal and experimental material illustrated in Figures 2 to 4 , 8, 9, 11, and 12 . See the orignal publications for the definition of abbreviations used in this figure. 8, 9, 11, 12, and 13B) with Figure 15 indicates that cerebellothalamic projections are not limited to regions of the ventrolateral thalamus which project only to the motor cortex. In particular, the present study indicates that area X, which receives efferents from the cerebellum, is the origin of inputs to the APA and does not project to the "face" representation in motor cortex (see also, Roberts and Akert, 1963; Akert, 1964; Kunzle, 1976 Kunzle, , 1978 Strick, 1976; Kievit and Kuypers, 1977; Jones et al., 1979 , for relevant thalamocortical anatomy). We conclude that there are at least two separate cerebellothalamic systems which originate from the deep nuclei. Furthermore, these systems influence separate cortical areas. One system, located in rostra1 portions of the deep nuclei, projects largely to VPLo and therefore most directly influences the motor cortex. A second system, located in caudal portions of the deep nuclei, projects largely to area X and therefore most directly influences the APA. Additional support for these conclusions comes from physiological studies which report that cerebellar influences were directed to premotor as well as motor cortical regions (Sasaki et al., 1976 (Sasaki et al., ,1979 . The possibility that either or both of these systems might be somatotopically organized, as suggested by the physiology (Brooks and Thach, 1981) , remains to be examined.
Summary and Speculation
The scheme of connections which results from our conclusions is represented diagrammatically in Figure  16 . Outputs from the cerebellum and basal ganglia supply three systems of subcortical afferents to the ventrolateral thalamus. These systems form parallel pathways to motor and premotor cortical areas. One parallel pathway (I) the pathway from caudal portions of the deep cerebellar nuclei (DNc) to area X and the arcuate premotor area (APA), (2) the pathways from the pars reticulata of the substantia nigra (SNpr) and the internal segment of the globus pallidus (GPi) to VLm and VLo and the supplementary motor area (SMA), (3) the pathway from rostra1 portions of the deep cerebellar nuclei (DNr) to VPLo and the motor cortex (MC), and (4) the reciprocal connections between the MC, APA, and SMA. See the text for details.
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Schell and Strick Vol. 4, No. 2, Feb. 1984 originates in the caudal portions of the deep cerebellar nuclei and most directly influences the APA. A second pathway originates in SNpr and GPi and most directly influences the SMA. The third pathway originates in rostra1 portions of the deep cerebellar nuclei and most directly influences the motor cortex. Thus, each cortical area is the site of termination for a distinct subcortical system. Direct interactions between the three systems are largely limited to the cortical level where the SMA, APA, and motor cortex are reciprocally interconnected with one another. (Major interconnections between different subdivisions of the ventrolateral thalamus have not been described, although few studies have specifically examined this issue (Brodal, 1981) .)
The present results suggest that the premotor areas may provide a major route by which subcortical motor nuclei influence motor cortex output. This suggestion may be particularly relevant to the basal ganglia which, unlike cerebellar nuclei, lack direct projections to thalamic regions which innervate area 4. These results are in line with the classical view that the premotor areas serve as "links in the chain of command to motor cortex" (for discussion, see Brinkman and Porter, 1979a, b; Wiesendanger, 1981) . However, one might examine the function of the premotor areas from a different perspective. The premotor areas may have functions which, in some respects, are independent of motor cortex output. Anatomical studies have shown that the SMA and cortical regions rostra1 to the motor cortex have direct projections to the spinal cord and to brainstem regions involved in motor control (e.g., Kuypers, 1960; Liu and Chambers, 1964; Kuypers and Lawrence, 1967; Biber et al., 1978; Murray and Coulter, 1981 ; for a recent review, see Kuypers, 1981) . Furthermore, it is an assumption that the major direction of influence between these cortical fields is from premotor areas to the motor cortex rather than from the motor cortex to premotor areas. The results of recent studies support the concept that the SMA, APA, and motor cortex are anatomically and physiologically distinct cortical fields (e.g., Brinkman and Porter, 1979a, b; Matsumura and Kubota, 1979; Muakkassa and Strick, 1979; Roland et al., 1980a, b; Wise and Tanji, 1981; Weinrich and Wise, 1982; see also Evarts, 1981; Wiesendanger, 1981) . Thus, although the SMA and APA are interconnected with the motor cortex, it may be important to view the three cortical areas as components of functionally distinct efferent systems which are driven by largely separate subcortical nuclei.
There is much to be understood about the normal function and pathophysiology of these efferent systems. The anatomical relationship between the basal ganglia and the SMA suggests that some of the movement disorders associated with basal ganglia dysfunction might be mediated by the SMA. Akinesia, which Denny-Brown (Denny-Brown, 1962; Denny-Brown and Yanagisawa, 1976) views as the primary deficit in human basal ganglia disorders, also is produced by lesions involving the SMA in humans (LaPlane et al., 1977; Damasio and Van Hoesen, 1980) . It is also interesting to note the similarity between Marsden's suggestion that "the basal ganglia run a sequence of motor programs to achieve a motor plan" (Marsden, 1982) and studies that show selective increase in regional cerebral blood flow in the SMA of humans during the internal programming of motor sequences (Roland et al., 1980a) .
Frontal lobe lesions in humans, in the region comparable to the APA, can result in a complex disorder of learned skilled movements termed apraxia (Geschwind, 1965; Heilman, 1979) . The anatomical relationship between the cerebellum and the APA suggests the possibility of cerebellar involvement in the motor functions of the frontal lobe. Future studies might search for "apraxic-like" symptoms following lesions which involve caudal cerebellar efferent systems.
